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Myocardial hypertrophy is frequently associated with poor
clinical outcomes including the development of cardiac systolic
and diastolic dysfunction and ultimately heart failure. To pre-
vent cardiac hypertrophy and heart failure, it is necessary to
identify and characterize molecules that may regulate the
hypertrophic program. Our present study reveals that nuclear
factor of activated T cells c3 (NFATc3) and myocardin consti-
tute a hypertrophic pathway that can be targeted by miR-9. Our
results show that myocardin expression is elevated in response
to hypertrophic stimulation with isoproterenol and aldoste-
rone. In exploring themolecular mechanism by whichmyocardin
expression is elevated, we identified that NFATc3 can bind to
the promoter region ofmyocardin and transcriptionally activate
its expression. Knockdown of myocardin can attenuate hyper-
trophic responses triggered by NFATc3, suggesting that myo-
cardin can be a downstream mediator of NFATc3 in the hyper-
trophic cascades. MicroRNAs are a class of small noncoding
RNAs that mediate post-transcriptional gene silencing. Our
data reveal that miR-9 can suppress myocardin expression.
However, the hypertrophic stimulation with isoproterenol and
aldosterone leads to a decrease in the expression levels ofmiR-9.
Administration of miR-9 could attenuate cardiac hypertrophy
and ameliorate cardiac function. Taken together, our data dem-
onstrate that NFATc3 can promote myocardin expression,
whereas miR-9 is able to suppress myocardin expression,
thereby regulating cardiac hypertrophy.

Myocardial hypertrophy is a physiological and compensatory
response that is frequently associated with poor clinical out-
comes, including the development of cardiac systolic and dia-
stolic dysfunction and ultimately heart failure as well as sudden
death (1–6). To prevent cardiac hypertrophy and heart failure,
it is necessary to identify and characterize molecules that may
regulate the hypertrophic program.
Calcineurin is a serine/threonine protein phosphatase. It is

able to induce cardiac hypertrophy (7, 8). For example, overex-
pression of the constitutively active calcineurin A results in
cardiac hypertrophy (9). It has been shown that cyclosporin A
and FK506 prevent cardiac hypertrophy by inhibiting cal-
cineurin activation (10–13). Calcineurin elicits the hyper-
trophic effect by targeting the nuclear factor of activated T cells

c3 (NFATc3).2 Upon phosphorylation in serine residues in the
N terminus, NFATc3 is located in the cytoplasm. Calcineurin
can dephosphorylate NFATc3, resulting in its nuclear localiza-
tion (14, 15). It has been demonstrated that calcineurin and
NFATc3 constitute an important pathway in the cardiac hyper-
trophic machinery (16, 17). Nevertheless, the downstream tar-
gets of NFATc3 in the hypertrophic machinery still remain to
be elucidated.
Myocardin is a transcriptional cofactor expressed at a rela-

tively low level in cardiomyocytes under physiological condi-
tions. However, it can be up-regulated by hypertrophic stimu-
lation and consequently mediate hypertrophic signals. For
example, overexpression of myocardin can induce cardiac
hypertrophy (18).Myocardin canmediate the hypertrophic sig-
nal of a variety of stimuli such as phenylephrine, endothelin-1,
and serum (18). Given the important role of myocardin in
hypertrophy, the upstream signals that control its expression
remain largely unknown. In particular, it is not yet clear
whether myocardin is a target of NFATc3 in the hypertrophic
pathway.
MicroRNAs (miRNAs) are a class of small noncoding RNAs

that mediate post-transcriptional gene silencing (19, 20).
Growing evidence has shown that miRNAs are involved in the
pathogenesis of cardiac hypertrophy. For example, inhibition of
miR-133 causes significant cardiac hypertrophy (21). In con-
trast, miR-208 is required for cardiomyocyte hypertrophy,
fibrosis, and expression of myosin heavy chain in response to
stress and hypothyroidism (22). The specific overexpression of
miR-195 in mouse heart results in severe cardiac hypertrophy
(23). Overexpression of miR-214 in the cardiomyocytes also
causes significant hypertrophy (23). Thus, it appears that
miRNAs play multiple and essential roles in the regulation of
cardiac hypertrophy. Hitherto, it is not yet clear whichmiRNAs
can regulate myocardin and whether targeting myocardin by
miRNAs can alter cardiac hypertrophic processes.
Our present study reveals that myocardin is a transcriptional

target of NFATc3, and it can meditate the hypertrophic signal
of NFATc3.We further identified that miR-9 is able to regulate
myocardin expression. However, miR-9 expression is down-
regulated upon hypertrophic stimulation with isoproterenol
and aldosterone. Administration of miR-9 can attenuate the
expression levels of myocardin and cardiac hypertrophy. Our
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data provide critical information for future studies to establish
therapeutic approaches for cardiac hypertrophy by employing
miRNAs.

EXPERIMENTAL PROCEDURES

Cardiomyocyte Culture and Treatment—Cardiomyocytes
were isolated from 1–2-day-old Wistar rats as we described
(24). Briefly, after dissection hearts were washed andminced in
HEPES-buffered saline solution. The tissues were then dis-
persed in a series of incubations at 37 °C in HEPES-buffered
saline solution containing 1.2 mg/ml pancreatin and 0.14
mg/ml collagenase (Worthington). After centrifugation the
cells were resuspended in Dulbecco’s modified Eagle’s medi-
um/F-12 (Invitrogen) containing 5% heat-inactivated horse
serum, 0.1 mM ascorbate, insulin-transferring-sodium selenite
medium supplement (Sigma), 100 units/ml penicillin, 100
�g/ml streptomycin, and 0.1 mM bromodeoxyuridine. The dis-
sociated cells were preplated at 37 °C for 1 h. The cells were
then diluted to 1� 106 cells/ml and plated in 10�g/ml laminin-
coated different culture dishes according to the specific exper-
imental requirements. The cells were treated with isoprotere-
nol (Iso) at 10 �M or aldosterone (Aldo) at 1 �M, except as
otherwise indicated elsewhere.
Adenoviral Constructions and Infection—Adenoviral vector

encoding the constitutively active formofNFATc3 (�NFATc3)
was kindly provided by Dr. Michael C. Naski (25). The adeno-
virus containing �-galactosidase (�-gal) is as we described else-
where (26). The ratNFATc3RNA interference (RNAi)-A target
sequence is 5�-AAATGTCAAGGGGGTCATA-3�. A scramble
form without any other match in the rat genomic sequence
was used as a control (5�-ACTGATGTGACGAGAGATA-3�).
NFATc3 RNAi-B target sequence is 5�-GCTGCTGCAC-
GATTTACTC-3�. The scramble NFATc3 RNAi-B target
sequence is 5�-TCAGTCATGTACGTCTCGC-3�. The rat
myocardin RNAi-A target sequence is 5�-GGTCAGAAACA-
GATCGGAC-3�. The scramble myocardin RNAi-A target
sequence is 5�-AGCCTAAGTCAAGGCAGAG-3�. The myo-
cardin RNAi-B target sequence is 5�-AGATCCATTCCAA-
CTGCTC-3�. The scramble myocardin RNAi-B target
sequence is 5�-TCAGTCACTACTCACTGAC-3�. The adeno-
viruses harboring NFATc3 RNAi or myocardin RNAi were
constructed using the pSilencerTM adeno 1.0 cytomegalovirus
system (Ambion) according to the instructions. All of the con-
structs were amplified in HEK293 cells. Adenoviral infection of
cardiomyocytes was performed aswe described previously (27).
Determinations of Cell Surface Areas, Sarcomere Organiza-

tion, and Protein/DNA Ratio—The cell surface area of F-actin-
stained cells or unstained cells was measured as we described
(27). 100–200 cardiomyocytes in 30–50 fields were examined
in each group. For staining of filamentous actin, the cardio-
myocytes were fixed in 3.7% formaldehyde in phosphate-buffered
saline. The cells were dehydrated with acetone for 3 min and
treated with 0.1% Triton X-100 for 20 min. They were then
stained with a 50 �g/ml fluorescent Phalloidin-TRITC conju-
gate (Sigma) for 45 min at room temperature and visualized by
a laser confocal microscopy (Zeiss LSM 510 META). To mea-
sure the protein/DNA ratio, the total protein and DNA con-
tents were analyzed as we described (24).

Immunoblot and Immunofluorescence—Immunoblot was
performed as we described (28). In brief, the cells were lysed for
1 h at 4 °C in a lysis buffer (20 mM Tris, pH 7.5, 2 mM EDTA, 3
mM EGTA, 2 mM dithiothreitol, 250 mM sucrose, 0.1 mM phen-
ylmethylsulfonyl fluoride, 1% Triton X-100, and a protease
inhibitor mixture). The samples were subjected to 12% SDS-
PAGE and transferred to nitrocellulose membranes. Equal
protein loading was controlled by Ponceau red staining of
membranes. The blots were probed using antibodies. The anti-
myocardin antibody and the anti-NFATc3 antibody were from
Santa Cruz Biotechnology. The anti-phospho-NFATc3 anti-
body was fromAbcam. Immunofluorescence was performed as
we described (29). The samples were imaged using a laser scan-
ning confocal microscope (Zeiss LSM 510 META).
Constructions of Rat Myocardin Promoter and Its Mutant—

Myocardin promoter was amplified from rat genome using
PCR. The forward primer was 5�-CAGCTCAGAGGTAGAT-
GGATA-3�. The reverse primer was 5�-AGGAGTGTCATG-
GTGAGTCTC-3�. The promoter fragment was finally cloned
into the vector pGL4.17 (Promega). The introduction of muta-
tions in the putative NFATc3-binding site was performed with
the QuikChange II XL site-directed mutagenesis kit (Strat-
agene) using the wild type vector as a template. The construct
was sequenced to check that only the desired mutations had
been introduced.
Chromatin Immunoprecipitation Assay—Chromatin immu-

noprecipitation assay was performed as we described (24). In
brief, the cells were washedwith phosphate-buffered saline and
incubated for 10 min with 1% formaldehyde at room tempera-
ture. The cross-linking was quenched with 0.1 M glycine for 5
min. The cells were washed twice with phosphate-buffered
saline and lysed for 1 h at 4 °C in a lysis buffer. The cell lysates
were sonicated into chromatin fragments with an average
length of 500–800 bp as assessed by agarose gel electrophore-
sis. The samples were precleared with protein A-agarose
(Roche Applied Science) for 1 h at 4 °C on a rocking platform,
and 5 �g of specific antibodies were added and rocked over-
night at 4 °C. Immunoprecipitateswere capturedwith 10% (v/v)
protein A-agarose for 4 h. Before use, protein A-agarose was
blocked twice at 4 °C with salmon sperm DNA (2 �g/ml) over-
night. DNA fragments were purified with a QIAquick spin kit
(Qiagen). The purified DNAwas used as a template and ampli-
fied with the following primer sets: 5�-ATCGGAGAGAGAT-
GCAGAAGG-3�; 5�-GGGAGTCAGAAACAGGTCTC-3�.
Luciferase Assay—Luciferase activity assay was performed

using the Dual-Luciferase reporter assay system (Promega)
according to the manufacturer’s instructions. The cells were
seeded in 24-well plates. They were cotransfected with the
expression vectors, the luciferase reporter constructs, and the
Renilla luciferase plasmids using Lipofectamine 2000 (Invitro-
gen). Eachwell contained 0.2�g of luciferase reporter plasmids,
0.2 �g of expression vectors, 2.5 ng of Renilla luciferase plas-
mids, respectively. The cells were lysed and assayed for lucifer-
ase activity 24 h after transfection. Twenty �l of protein
extracts were analyzed in a luminometer. Firefly luciferase
activities were normalized to Renilla luciferase activity.
For myocardin 3�-UTR luciferase assay, the cells were

cotransfected with the plasmid constructs of 150 ng/well of
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pGL3-myocardin-3�-UTR, 300 ng/well of miR-9, and 25 pmol
of either miR-9 antagomir or antagomir negative control
(antagomir-NC) using Lipofectamine 2000 (Invitrogen). At
48 h after transfection, the cells were lysed, and luciferase activ-
ity was measured.
Quantitative Reverse Transcription (qRT)-PCR—Stem-loop

qRT-PCR formaturemiR-9was performed as described (30) on
an Applied Biosystems AB 7000 real time PCR system. Total
RNA was extracted using TRIzol reagent. After DNase I
(Takara, Japan) treatment, RNA was reverse transcribed with
reverse transcriptase (ReverTra Ace�; Toyobo). qRT-PCR for
myocardin was performed as we described (24). In brief, total
RNA was isolated using TRIzol (Invitrogen). RNA was reverse
transcribed using oligo(dT). Moloney murine leukemia virus
reverse transcriptase (ReverTra Ace�) was from Toyobo. The
samples were run in triplicate using the Applied Biosystems
(ABI) 7000 sequence detector according to the manufacturer’s
instructions. The results were standardized to control values of
glyceraldehyde-3-phosphate dehydrogenase. The sequences of
myocardin primers were: forward, 5�-GCAGCAGATGCATT-
TGCCTTTG-3�, and reverse, 5�-GCCTCAGTGGATTTGAT-
GTCTG-3�; �-MHC forward, 5�-AACCTGTCCAAGTTCCG-
CAAGGTG-3�, and reverse, 5�-GAGCTGGGTAGCACAAG-
AGCTACT-3�; atrial natriuretic peptide forward, 5�-CTC-
CGATAGATCTGCCCTCTTGAA-3�, and reverse, 5�-GGTA-
CCGGAAGCTGTTGCAGCCTA-3�; and glyceraldehyde-3-
phosphate dehydrogenase forward, 5�-GCTAACATCAA-
ATGGGGTGATGCTG-3�, and reverse, 5�-GAGATGATGA-
CCCTTTTGGCCCCAC-3�. The specificity of the PCR ampli-
fication was confirmed by agarose gel electrophoresis.
Preparations of the Luciferase Construct of Myocardin

3�-UTR—Myocardin 3�-UTR was amplified by PCR. The for-
ward primer was 5�-GAGCTCAGTGGGAATTCAATG-3�.
The reverse primer was 5�-TCCCTCTGCTCACAATAA-
GAA-3�. To produce mutated 3�-UTR, the mutations (wild
type 3�-UTR, 5�-CCAAAGA-3�; mutated 3�-UTR, 5�-CAGG-
CGA-3�) was generated using QuikChange II XL site-directed
mutagenesis kit (Stratagene). The constructs were sequence-
verified. Wild type and mutated 3�-UTRs were subcloned into
the pGL3 vector (Promega) immediately downstream of the
stop codon of the luciferase gene.
Preparation of miR-9 Expression Construct—miR-9 was syn-

thesized by PCR using rat genomic DNA as the template. The
upstream primer was 5�-TTCTGCACGGAGGTGGAG-
GGA-3�; the downstream primer was 5�-TTTCTTCCCAG-
CTGAGCAG-3�. The PCR fragment was finally cloned into
the Adeno-XTM expression system (Clontech) according
to the manufacturer’s instructions. To generate miR-9 con-
trol, a mutated miR-9 was produced as described (31). The
mutations were generated using a QuikChange II XL site-
directed mutagenesis kit (Stratagene). The constructs were
sequence-verified.
Transfection of miR-9Mimic and Antagomir—miR-9mimic,

themimic negative control (mimic-NC), miR-9 antagomir, and
the antagomir negative control (antagomir-NC) were pur-
chased from GenePharma Co. Ltd. miR-9 mimics are double-
stranded RNA oligonucleotides. The cells were transfected
with themimic or themimic-NC at 50 nM or with antagomir or

antagomir-NC at 50 nM. The transfection was performed using
Lipofectamine 2000 (Invitrogen) according to the manufactur-
er’s instructions.
Animal Experiments—Adult male C57BL/6 mice (8 weeks

old) were purchased from the Institute of Laboratory Animal
Science of the Chinese Academy of Medical Sciences (Bei-
jing, China). Food and water were freely available through-
out the experiments. The experiments were conducted
according to a protocol approved by the Institute Animal
Care Committee. The mice were infused with Iso (30 mg/kg
dissolved in 0.9% NaCl) or Aldo (10 �g/kg dissolved in 0.5%
ethanol, 0.9% NaCl). Saline-infused mice served as controls.
To induce hypertrophy, mice were infused with Iso for 1
week. For in vivo transfer of miR-9 mimic, the mice were
infused with Iso and miR-9 mimic (30 mg/kg) at the same
time. Mimic-NC served as a negative control and was sub-

FIGURE 1. Iso and Aldo induce an increase in myocardin expression levels
and a decrease in the levels of phosphorylated NFATc3 in vitro and in
vivo. A, Iso and Aldo induce NFATc3 redistributions from the cytoplasm to
nuclei. The neonatal rat cardiomyocytes were treated with 10 �M Iso or 1 �M

Aldo. 1 h after treatment the cells were collected for the analysis of NFATc3 by
immunofluorescent staining. The cell nuclei were stained by 4�,6�-diamino-2-
phenylindole (DAPI). Bar, 10 �m. B–D, the treatment with Iso and Aldo leads to
an increase in myocardin expression levels and a decrease in the levels of
phosphorylated NFATc3 (P-NFATc3). Cardiomyocytes were treated with 10
�M Iso or 1 �M Aldo. The cells were harvested at the indicated time for the
analysis of myocardin protein levels, phosphorylated, and total NFATc3 levels
by immunoblot (B) or myocardin mRNA levels by real time PCR (C and D). *,
p � 0.05 versus control. E and F, Iso and Aldo treatment induces an elevation
in myocardin levels and a reduction in the phosphorylated NFATc3
(P-NFATc3) in the animal model. C57BL/6 mice were infused with Iso or Aldo
as described under “Experimental Procedures.” The levels of myocardin,
P-NFATc3, and total NFATc3 in the hearts were analyzed by immunoblotting.
A representative blot is shown. The data are expressed as the means � S.E. of
three independent experiments. Con, control.
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jected to the same procedures as mimic. The infusions were
executed with implanted osmotic minipumps (Alzet model
2001; Alza Corp.).

Histological Analysis—Histologi-
cal analysis of the hearts was carried
out as we described (26). Briefly, the
hearts were excised, fixed in 10%
formalin, embedded in paraffin, sec-
tioned into 7-�m slices, and stained
with hematoxyline-eosin. To mea-
sure the cross-sectional area of the
cardiomyocytes, the sections were
stained with fluorescein isothiocya-
nate-conjugated wheat germ agglu-
tinin (Sigma) according to the
method described previously (32).
Echocardiographic Assessment of

Cardiac Dimensions and Function—
Transthoracic echocardiography
was performed on lightly anesthe-
tized mice using a Vevo 770 high
resolution system (Visualsonics,
Toronto, Canada) equipped with a
40-MHz RMV 704 scanhead. Two-
dimensional guided M-mode trac-
ingswere recorded in both paraster-
nal long and short axis views at the
level of papillary muscles. Ventricu-
lar parameters including diastolic
interventricular septal thickness,
diastolic posterior wall thickness,
and systolic left ventricular internal
diameters were measured. Frac-
tional shortening was calculated
with the established standard equa-
tion. All of the measurements were
made from more than three beats
and averaged.
Statistical Analysis—The results

are expressed as the means � S.E.
The statistical comparison among
different groups was performed by
one-way analysis of variance. Paired
data were evaluated by Student’s t
test. p � 0.05 was considered statis-
tically significant.

RESULTS

Iso andAldo Induce an Increase in
the Levels of Myocardin Expression
and a Decrease in the Levels of Phos-
phorylated NFATc3 in Vitro and in
Vivo—NFATc3 is able to mediate
the hypertrophic signals, but its
downstream targets remain to be
further elucidated. Myocardin has
been shown to be a pro-hypertro-
phic protein (18). We detected the

expression as well as the phosphorylation levels of NFATc3 in
cells treated with Iso or Aldo. NFATc3 is predominantly dis-
tributed in the cytoplasm in the control cellswithout treatment.

FIGURE 2. Myocardin participates in mediating the hypertrophic signals of Iso and Aldo. A, knockdown of
myocardin expression. Cardiomyocytes were infected with adenoviral myocardin-RNAi-A (myo-RNAi-A) or its
scramble form (myo-S-RNAi-A) at a moi of 80. 48 h after infection the cells were harvested for the analysis of
myocardin levels by immunoblot. B, knockdown of myocardin reduces hypertrophic responses induced by Iso.
Cardiomyocytes were infected with adenoviral myocardin-RNAi-A or its scramble form (myocardin-S-RNAi-A) at
a moi of 80. 24 h after infection the cells were treated with Iso. Analysis of myocardin levels by immunoblot was
performed 1 h after Iso treatment (top panels). Hypertrophy was assessed by cell surface area measurement,
protein/DNA ratio and �-MHC levels analyzed by qRT-PCR. *, p � 0.05 versus control; #, p � 0.05 versus Iso alone.
C, myocardin is necessary for Aldo to induce hypertrophy. Cardiomyocytes were treated as described for B,
except that Aldo was employed. *, p � 0.05 versus control; #, p � 0.05 versus Aldo alone. D, representative
photos show sarcomere organization. Cardiomyocytes were treated as described for B or C. Bar, 20 �m.
E, knockdown of myocardin expression. Cardiomyocytes were infected with adenoviral myocardin-RNAi-B
(myo-RNAi-B) or its scramble form (myo-S-RNAi-B) at a moi of 100. 48 h after infection the cells were harvested
for the analysis of myocardin levels by immunoblot. F, knockdown of myocardin reduces cell surface area
induced by Iso. Cardiomyocytes were infected with adenoviral myocardin-RNAi-B or its scramble form (myo-
cardin-S-RNAi-B) at a moi of 100. 24 h after infection cells were treated with Iso. Analysis of myocardin levels by
immunoblot was performed 1 h after Iso treatment (top panels). Hypertrophy was assessed by cell surface area
measurement (bottom panel). *, p � 0.05 versus control; #, p � 0.05 versus Iso alone. The data are expressed as
the means � S.E. of three independent experiments.
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Iso and Aldo led to NFATc3 trans-
location to the nuclei (Fig. 1A).
Immunoblotting results showed
that the levels of phosphorylated
NFATc3 were reduced. Concomi-
tantly, myocardin levels were ele-
vated (Fig. 1B). We analyzed the
mRNA levels of myocardin and
observed that its levels were
increased in response to the treat-
ment with Iso (Fig. 1C) and Aldo
(Fig. 1D). To know the levels of
NFATc3 and myocardin in the ani-
malmodel, we treated themicewith
Iso and Aldo. The phosphorylated
levels of NFATc3 were reduced,
whereas the expression levels of
myocardin were elevated in the
hearts exposed to Iso (Fig. 1E) or
Aldo (Fig. 1F). Thus, it appears that
both NFATc3 and myocardin are
altered upon treatment with Iso and
Aldo.
Myocardin Participates in Con-

veying the Hypertrophic Signal of Iso
and Aldo—The elevation of myo-
cardin levels in response to the
treatment with Iso and Aldo led us
to consider whether it plays a func-
tional role in hypertrophy induced
by Iso and Aldo. The RNAi con-
struct could significantly reduce the
expression levels of myocardin (Fig.
2A). Knockdown of myocardin led
to a reduction in cell surface areas,
protein/DNA ratio, and �-MHC
levels upon treatment with Iso (Fig.
2B). A similar result was obtained in
cells treated with Aldo (Fig. 2C).
Sarcomere organization is a domi-
nant marker of hypertrophy. As
shown in Fig. 2D, knockdown of
myocardin could inhibit sarcomere
organization induced by Iso and
Aldo. To further confirm the role of
myocardin in Iso-induced hypertro-
phy, we employed another RNAi
construct of myocardin, and this
construct could reduce myocardin
expression levels (Fig. 2E) and the
cell surface areas (Fig. 2F). These
data indicate that myocardin is nec-
essary for Iso and Aldo to initiate
hypertrophy.
NFATc3 Can Transcriptionally

Target Myocardin—The simultane-
ous alterations in the levels of
NFATc3 phosphorylation andmyo-

FIGURE 3. NFATc3 transcriptionally targets myocardin. A and B, the constitutively active form of NFATc3
(�NFATc3) stimulates myocardin expression at protein and mRNA levels. Cardiomyocytes were infected
with adenoviral �-gal or�NFATc3 at a moi of 50. The cells were harvested at the indicated time for the
analysis of myocardin protein levels by immunoblot (A) or myocardin mRNA levels by real time PCR (B). *,
p � 0.05 versus control. C, myocardin promoter contains a potential NFATc3-binding site. The NFATc3 site
is shown between �1734 and �1717 bp. The promoter of myocardin was synthesized and linked to
luciferase (Luc) reporter gene. The mutations were introduced to the binding site (BS). D, chromatin
immunoprecipitation (ChIP) analysis of in vivo NFATc3 binding to the promoter. Chromatin immunopre-
cipitation assay was performed using cardiomyocytes treated with or without 10 �M Iso and 1 �M Aldo.
The anti-myocardin antibody was used as a negative control. E, NFATc3 activates myocardin promoter
activity. Cardiomyocytes were infected with adenoviruses harboring �-gal or �NFATc3. 24 h after infec-
tion cells were transfected with the constructs of the empty vector (pGL-4.17), the wild type promoter (wt)
or the promoter with mutations in the binding site (mBS), respectively. Firefly luciferase activities were
normalized to Renilla luciferase activities. F and G, knockdown of endogenous NFATc3 inhibits the eleva-
tion of myocardin promoter activity induced by Iso or Aldo. Cardiomyocytes were infected with adenovi-
rus harboring NFATc3 RNAi or its scramble form (NFATc3-S-RNAi) at a moi of 100. 24 h after infection cells
were transfected with the construct of wild type promoter. Cardiomyocytes were treated with 10 �M Iso
(F) or 1 �M Aldo (G). Firefly luciferase activities were normalized to Renilla luciferase activities. The data are
expressed as the means � S.E. of three independent experiments.
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cardin expression encouraged us to test whether these two
events are related. Enforced expression of the constitutively
active form ofNFATc3 (�NFATc3) could induce an increase in
the levels of myocardin protein (Fig. 3A) and mRNA (Fig. 3B).
We analyzed the promoter region of myocardin and observed
that it contains one NFATc3 consensus binding site from
�1734 to �1717 (Fig. 3C). Subsequently, we tested whether
there is an association between NFATc3 and the promoter of
myocardin. Iso and Aldo treatment resulted in a time-depen-
dent increase in the association levels between NFATc3 and
myocardin promoter (Fig. 3D). We analyzed the promoter

activity of myocardin in the presence and absence of�NFATc3
and observed an elevated myocardin promoter activity upon
stimulation with �NFATc3. Mutations in the binding site of
myocardin promoter led to a reduction of promoter activity
in response to �NFATc3 stimulation (Fig. 3E). We tested
whether myocardin promoter can be stimulated by the
endogenous NFATc3. Iso (Fig. 3F) or Aldo (Fig. 3G) could
induce an increase in myocardin promoter activity that was
attenuated by knockdown of NFATc3. Taken together, it
appears that NFATc3 can transcriptionally up-regulate
myocardin expression.
Myocardin Conveys the Hypertrophic Signal of NFATc3—To

understand whether the stimulation of myocardin by NFATc3
plays a functional role, we tested whether NFATc3 is able to
induce hypertrophic responses upon knockdownofmyocardin.
The constitutively active form of NFATc3 induced an increase
in cell surface areas attenuated by knockdown of myocardin

FIGURE 4. Myocardin is able to convey the hypertrophic signal of NFATc3.
A–D, cardiomyocytes were infected with adenoviral myocardin-RNAi-A (myo-
RNAi-A) or its scramble form (myo-S-RNAi-A) at a moi of 80. 24 h after infection
cells were infected with adenoviruses harboring �-gal or �NFATc3 at a moi of
50. Myocardin expression levels analyzed by immunoblot (top panels) and cell
surface areas (bottom panel) are shown in A. Protein/DNA ratio analysis is
shown in B. The expression levels of �-MHC analyzed by qRT-PCR were shown
in C. *, p � 0.05 versus �NFATc3 alone. Representative photos show sar-
comere organization (D). Bar, 20 �m. E and F, cardiomyocytes were infected
with adenoviral myocardin-RNAi-B (myo-RNAi-B) or its scramble form (myo-S-
RNAi-B) at a moi of 100. 24 h after infection cells were infected with adenovi-
ruses harboring �-gal or �NFATc3 at a moi of 100. Myocardin expression
levels analyzed by immunoblot are shown in E. Cell surface area measure-
ment and protein/DNA ratio analysis are shown in F. *, p � 0.05 versus
�NFATc3 alone. The data are expressed as the means � S.E. of three inde-
pendent experiments. Con, control.

FIGURE 5. NFATc3 regulates myocardin expression in the hypertrophic
pathway of Iso. A, knockdown of NFATc3 by RNAi-A. Cardiomyocytes were
infected with adenoviral NFATc3 RNAi-A or its scramble form (NFATc3-S-RNAi-
A). NFATc3 protein levels were analyzed by immunoblot 48 h after infection.
B, knockdown of NFATc3 attenuates hypertrophic responses induced by Iso.
Cardiomyocytes were infected with adenoviruses as described for A. 24 h
after infection cells were exposed to 10 �M Iso. Myocardin protein levels were
analyzed by immunoblot. Hypertrophy was assessed by measuring cell sur-
face area and protein/DNA ratio 48 h after treatment. *, p � 0.05 versus Iso
alone. C, knockdown of NFATc3 by RNAi-B. Cardiomyocytes were infected
with adenoviral NFATc3 RNAi-B or its scramble form (NFATc3-S-RNAi-B).
NFATc3 protein levels were analyzed by immunoblot 48 h after infection.
D, knockdown of NFATc3 attenuates hypertrophic responses induced by Iso.
Cardiomyocytes were infected with adenoviruses as described for C. 24 h
after infection cells were exposed to 10 �M Iso. Myocardin protein levels were
analyzed by immunoblot. Hypertrophy was assessed by measuring cell sur-
face area 48 h after treatment. *, p � 0.05 versus Iso alone. The data are
expressed as the means � S.E. of three independent experiments.
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(Fig. 4A). Knockdown of myocardin led to a reduction in the
protein/DNA ratio (Fig. 4B) and �-MHC expression levels (Fig.
4C) upon stimulation with the constitutively active form of
NFATc3. Sarcomere organization was inhibited by knockdown
ofmyocardin (Fig. 4D).We employed anothermyocardinRNAi
construct, and a similar result was obtained (Fig. 4, E and F).
Thus, it appears thatNFATc3 andmyocardin constitute an axis
in the hypertrophic machinery.
NFATc3 Regulates Myocardin in the Hypertrophic Pathways

of Iso and Aldo—We asked whether NFATc3 and myocardin
have a link in the hypertrophic pathway of Iso and Aldo. To
address this question, we produced two RNAi constructs of

NFATc3. NFATc3-RNAi-A could
significantly reduce NFATc3 ex-
pression levels (Fig. 5A). Iso treat-
ment induced an elevated protein
level of myocardin attenuated by
knockdown of NFATc3. Concomi-
tantly, the hypertrophic responses
induced by Iso could be attenuated
by knockdown of NFATc3 (Fig. 5B).
Aldo-induced myocardin elevation
and hypertrophic responses also
could be reduced by knockdown of
NFATc3 (data not shown). NFATc3
RNAi-B construct was able to
reduce NFATc3 expression levels
(Fig. 5C), myocardin expression lev-
els, and cell surface areas (Fig. 5D).
These results suggest that NFATc3-
myocardin axis is activated in the
hypertrophic pathways of Iso and
Aldo.
miR-9 Can Suppress Myocar-

din Expression—Recently, growing
evidence has shown that miRNAs
are able to regulate cardiac hy-
pertrophy. miRNAs can suppress
gene expression (19, 20). Although
NFATc3 can stimulate myocardin
expression in the hypertrophic
pathway of Iso and Aldo, can intro-
duction of miRNAs reduce myocar-
din expression, thereby antagoniz-
ing cardiac hypertrophy induced by
Iso and Aldo? To answer this ques-
tion, we analyzed the potential
miRNAs that may target myocardin
using the program PicTar. miR-9 is
a conserved miRNA of myocardin
(Fig. 6A). We detected the expres-
sion levels of miR-9 and observed
that it was down-regulated by Iso
(Fig. 6B) and Aldo (Fig. 6C). Subse-
quently, we tested whether miR-9 is
able to influence myocardin expres-
sion. The luciferase assay revealed
that miR-9 could suppress the

translational activity of myocardin. The administration of
miR-9 antagomir but not the antagomir negative control
(antagomir-NC) could block the effect of miR-9. Furthermore,
the introduction of mutations in the 3�-UTR region of myocar-
din led to the failure of miR-9 to repress myocardin transla-
tional activity (Fig. 6D). These data suggest that the inhibitory
effect of miR-9 on myocardin translation is specific. Enforced
expression ofmiR-9 reduced the expression levels ofmyocardin
in the cellular model (Fig. 6E). Administration of miR-9 mimic
led to a decrease in myocardin levels in the animal model (Fig.
6F). Taken together, it appears that myocardin is a direct target
of miR-9.

FIGURE 6. miR-9 inhibits myocardin expression. A, the miR-9 targeting sites in myocardin 3�-UTR are evolu-
tionarily conserved in human, rat, and mouse. B, Iso induces a reduction of miR-9 levels. Cardiomyocytes were
treated with 10 �M Iso. The cells were harvested at the indicated time for the analysis of miR-9 levels. *, p � 0.05
versus control. C, Aldo induces a reduction of miR-9 levels. Cardiomyocytes were treated with 1 �M Aldo. The
cells were harvested at the indicated time for the analysis of miR-9 levels. *, p � 0.05 versus control. D, miR-9
suppresses myocardin translation. HEK293 cells were transfected with the luciferase constructs of the wild type
myocardin-3�-UTR (Myocardin-3�-UTR-wt) or the mutated myocardin-3�-UTR (Myocardin-3�-UTR-mut), along
with the expression plasmid for miR-9, miR-9 antagomir, or the antagomir negative control (Antagomir-NC). *,
p � 0.05 versus myocardin-3�-UTR-wt; #, p � 0.05 versus myocardin-3�-UTR-wt plus miR-9. E, miR-9 suppresses
the expression of myocardin in the cellular model. Cardiomyocytes were infected with adenoviral miR-9 or the
mutated miR-9 (miR-9-mut) at the indicated moi. Myocardin expression was analyzed by immunoblot 48 h after
infection. F, miR-9 suppresses the expression of myocardin in the animal model. Adult male C57BL/6 mice (8
weeks old) were infused with miR-9 mimic or the mimic negative control (mimic-NC) (30 mg/kg) as described
under “Experimental Procedures.” Myocardin expression levels were analyzed by immunoblot 3 days after
infusion. The data are expressed as the means � S.E. of three independent experiments.
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miR-9 Can Inhibit Hypertrophic Responses in the Cellular
Model—To understand whether the regulation of miR-9 on
myocardin expression plays a function role in hypertrophy, we
tested whether miR-9 can influence hypertrophic responses
upon treatment with Iso and Aldo. Enforced expression of
miR-9 could reduce myocardin levels upon treatment with Iso
(Fig. 7A) or Aldo (Fig. 7B). Sarcomere organization was inhib-
ited by miR-9 (Fig. 7C). Concomitantly, miR-9 could attenuate
Iso-induced increase in cell surface areas (Fig. 7D), protein/
DNA ratio (Fig. 7E), and �-MHC levels (Fig. 7F). miR-9 also
could reduce hypertrophic responses induced byAldo (data not
shown). These data indicate that miR-9 is able to influence
hypertrophic responses.
miR-9 Attenuates Cardiac Hypertrophy in the AnimalModel—

We explored the role of miR-9 in hypertrophy in animalmodel.
The expression levels of miR-9 were down-regulated in hearts
upon Iso treatment (Fig. 8A). We tested whether the supple-
ment of miR-9 can influence the effect of Iso on cardiac hyper-
trophy. Administration of miR-9 mimic could inhibit Iso-in-

duced hypertrophy revealed by hypertrophic phenotype (Fig.
8B), cross-sectional areas (Fig. 8C), heart weight/body weight
ratio (Fig. 8D), and the expression levels of hypertrophic mark-
ers including atrial natriuretic peptide and �-MHC (Fig. 8E).
We further tested whether miR-9 mimic can influence cardiac
structure and function. Administration of miR-9 mimic could
ameliorate cardiac structure and function assessed by echocar-
diography (Fig. 8F). These data suggest that miR-9 mimic can
inhibit cardiac hypertrophy in the animal model.

DISCUSSION

Cardiac hypertrophy is regulated by a complex molecular
interaction (33–38). Our present work reveals that NFATc3
and myocardin constitute an axis that is able to mediate the
hypertrophic signal of Iso and Aldo. Strikingly, miR-9 is able to
target myocardin, but its expression is down-regulated by Iso
and Aldo. Administration of miR-9 mimic can attenuate car-
diac hypertrophy initiated by Iso or Aldo (Fig. 9). Our data
provide important information for the understanding of car-
diac hypertrophic machinery.
NFATc3 subcellular distributions are controlled by its phos-

phorylation status. The phosphorylated NFATc3 is predomi-
nantly distributed in the cytoplasm. Calcineurin can dephos-
phorylate NFATc3, thereby leading to its translocation to the
nucleus where it associates with GATA4 that is a zinc finger
transcription factor and directly regulates cardiac hypertrophy-
related genes (39). Although NFATc3 plays an important role
in mediating the hypertrophic signal, few downstream targets
ofNFATc3 in hypertrophic cascades have been identified. Elec-
trically stimulated pacing of cultured cardiomyocytes can serve
as an experimentally convenient and physiologically relevant in
vitro model of cardiac hypertrophy. Electrical pacing triggers
the activation of NFATc3 that can regulate adenylosuccinate
synthetase 1 gene expression (40).Our presentwork for the first
time demonstrated thatmyocardin is a transcriptional target of
NFATc3 and functions as a downstream mediator to convey
the hypertrophic signal of NFATc3.
Myocardin is a transcriptional coactivator that is able to pro-

mote cardiac hypertrophic responses. Forced expression of
myocardin in cardiomyocytes is sufficient to induce the fetal
cardiac gene expression and cardiomyocyte hypertrophy (18).
Glycogen synthase kinase 3� is able to regulate cardiomyocyte
hypertrophy (3, 41, 42). It has been reported that glycogen syn-
thase kinase 3� can phosphorylatemyocardin, thereby control-
ling the hypertrophic program (44). STARS (striated muscle
activator of Rho signaling) is a muscle-specific actin-binding
protein localized to the I band and theM line of the sarcomere,
and it can activate myocardin during cardiac remodeling (45).
Our recent work has shown that myocardin can be stimulated
by reactive oxygen species in the hypertrophic pathway (24).
The present study demonstrates that myocardin is necessary
for Iso and Aldo to initiate hypertrophy. It would be interesting
to find out the role of myocardin in hypertrophy induced by
other stimuli.
Growing evidence has shown that miRNAs are able to regu-

late cardiac hypertrophy.Overexpression of themuscle specific
miR-1 with a myosin heavy chain promoter in a transgenic
mouse model inhibits myocyte proliferation and cardiac devel-

FIGURE 7. miR-9 inhibits hypertrophic responses in the cellular model.
A, miR-9 inhibits myocardin expression in cells treated with Iso. Cardiomyo-
cytes were infected with the adenoviral miR-9 or the mutated miR-9 (miR-9-
mut) at a moi of 100. 24 h after infection, the cells were treated with 10 �M Iso.
Myocardin expression was analyzed by immunoblot. B, miR-9 inhibits myo-
cardin expression in cells treated with Aldo. Cardiomyocytes were treated as
described for A, except that 1 �M Aldo was used. Myocardin expression was
analyzed by immunoblot. C–F, miR-9 attenuates hypertrophic responses
induced by Iso. Cardiomyocytes were treated as described for A. C, sarcomere
organization. Bar, 20 �m. D, cell surface area measurement. E, protein/DNA
ratio. F, �-MHC expression levels. *, p � 0.05 versus Iso alone. The data are
expressed as the means � S.E. of three independent experiments.
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opment (46), and the hyperpolarization-activated cyclic nucle-
otide-gated potassium 2 and 4 (HCN2 and HCN4) genes have
been identified as its targets (47). Inhibition of another muscle-
specificmiRNA,miR-133, which belongs to the same transcrip-
tional unit with miR-1 by an antagomir, causes significant
cardiac hypertrophy (21). Several targets of miR-133 have been

found, including HCN4 and RhoA
that is a GDP-GTP exchange pro-
tein. Furthermore, Cdc42, a kinase
regulating cardiac hypertrophy, and
Nelf-A/WHSC2, a nuclear factor
implicated in cardiogenesis, also are
found to be targets of miR-133 (21,
47). Besides miR-1 and miR133,
miR-208 has been characterized as
an essential component regulated to
cardiac hypertrophy, and thyroid
hormone receptor-associated pro-
tein 1 is demonstrated to be a target
of miR-208 (22). Recently, miR-21
and miR-29 have been character-
ized as important regulators of
fibrosis. In the mice infused with
miR-21 antagomir, interstitial fibro-
sis is inhibited because of the re-
duced activity of ERK-MAP kinase.
miR-21 can activate the ERK-MAP
kinase activity by repressing the
expression of sprouty homologue 1
(48). It has been showed that
miR-29 functions in fibrosis by sup-
pressing the expression of collagen
genes (49). Our present work has
identified miR-9 to be an anti-hy-
pertrophic miRNA, and it inhibits
cardiac hypertrophy by targeting
myocardin. Our data shed new light
on the understanding of hyper-
trophic machinery regulated by
miRNAs.
According to the functions of

miRNAs, they can be classified as
pro-hypertrophic and anti-hyper-
trophic miRNAs. To silence the
endogenous miRNAs that are able
to convey hypertrophic signals, the
engineered oligonucleotides termed
“antagomirs” that form comple-
mentary base pairs withmiRNAand
effectively inactivate miRNA func-
tion have been used to antagonize
cardiac hypertrophy (43, 50, 51). In
contrast to using antagomirs that
are to target the pro-hypertrophic
miRNAs, our present work has
employed miR-9 mimic and found
that it can attenuate cardiac hyper-
trophy. Thus, it appears that the

mimic of a miRNA also can be used to regulate hypertrophy.
In summary, our results for the first time demonstrate that

NFATc3 can regulate myocardin expression through a tran-
scriptional manner, and such regulation contributes to causing
the elevation of myocardin in hypertrophy induced by Iso and
Aldo. Most importantly, miR-9 is identified to be able to sup-

FIGURE 8. miR-9 inhibits cardiac hypertrophy in the animal model. A, Iso induces a reduction of miR-9 levels in
the hearts. Adult male C57BL/6 mice (8 weeks old) were infused with Iso (30 mg/kg). The expression levels of miR-9
were determined with qRT-PCR. *, p �0.05 versus control. B–E, miR-9 mimic inhibits cardiac hypertrophy. Adult male
C57BL/6 mice (8 weeks old) were infused with Iso (30 mg/kg/day), along with miR-9 mimic or the mimic negative
control (mimic-NC) (30 mg/kg) as described under “Experimental Procedures.” B, histological sections of hearts,
gross hearts (top row; bar, 2 mm), heart sections stained with hematoxylin and eosin in the middle row (bar, 2 mm)
and bottom row (bar, 20 �m). C, cross-sectional areas analyzed by staining with fluorescein isothiocyanate-conju-
gated wheat germ agglutinin. *, p �0.05 versus Iso alone. D, the protein levels of myocardin in the hearts (top panels)
and the ratio of heart/body weight (bottom panel). *, p � 0.05 versus Iso alone. E, the expression levels of atrial
natriuretic peptide and �-MHC. *, p � 0.05 versus Iso alone. F, echocardiographic assessment of cardiac dimensions
and function. Echocardiography was performed as described under “Experimental Procedures.” The mice were
treated as described for B. Diastolic interventricular septal thickness (IVSd), diastolic posterior wall thickness (PWd),
systolic left ventricular internal diameters (LVIDs), and fractional shortening of left ventricular diameter (FS). *, p �
0.05 versus Iso alone. The values represent means � S.E. (n � 5–6). Con, control.
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press myocardin expression, and its mimic can attenuate car-
diac hypertrophy. Our findings provide novel evidence for
future studies to explore the therapeutic approaches for cardiac
hypertrophy as well as heart failure by employing miRNAs.
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FIGURE 9. Schematic model of cardiac hypertrophy regulated by miR-9.
Iso or Aldo can induce a decrease in the levels of phosphorylated form of
NFATc3 and miR-9, thereby leading to the elevation of myocardin that ini-
tiates the hypertrophic program. Administration of miR-9 mimic is able to
attenuate cardiac hypertrophy.
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